We report the demonstration of a high repetition rate desktop-size capillary discharge laser emitting at (= 46.9 nm (26.5 eV) used for experiments in photochemistry. Laser pulses with energy ~ 13 uJ were generated at 12 Hz repetition rate by single pass amplification in a 21 cm long Ne-like Ar capillary discharge plasma column. The capillary lifetime is 2-3 10 4 shots. This new type of portable laser is of interest for numerous applications requiring a compact intense source of short wavelength laser light. One such application that we are currently pursuing is the study of small molecules using time of flight mass spectroscopy. Molecules include ammonia, NO, oxygen, hydrogen bonded nanoclusters, and metal oxide nanoclusters. Through single photon ionization the reactivity and catalytic behavior of these molecules is studied.
I. INTRODUCTION
Compact high repetition rate short wavelength laser sources are of interest for numerous applications in science and technology. Significant efforts have been devoted to reducing the size of saturated soft x-ray lasers from laboratory size [1, 2] to table-top [3] [4] [5] [6] [7] . Table-top size Ne-like Ar lasers operating at a wavelength of 46.9 nm have been developed making use of water capacitors that are pulsed charged to high voltage (200-700 kV) by Marx generators [8] [9] [10] [11] [12] . These lasers have been used in numerous applications, including interferometry of dense plasmas [13] , the measurement of optical constants [14] , materials ablation [15] , the characterization of soft x-ray optics [16] , excitation of color centers in crystals [17] , and nanopatterning [18] . The demonstration of laser amplification in transitions of Ne-like ions in a capillary discharge plasma [3, 7] has opened the possibility to develop more compact, desk-top size, short wavelength lasers that can be transported to the application instead of bringing the application to the source.
In this proceeding, we report a new type of capillary discharge laser that is significantly more compact and less costly than its predecessors that is to be used as a photoionization source in time of flight mass spectroscopy (TOFMS) experiments to study the reactivity and catalytic behavior of small molecules including hydrogen bonded and metal oxide nanoclusters. It is to our knowledge the first soft x-ray laser to fit onto a small desk, to be easily transportable (Fig  1a) and the first to be installed in a photochemistry lab. It emits >10 µJ pulses of λ= 46.9 nm (26.5 eV per photon) light at 12 Hz repetition rate that will be used to ionize small molecules and clusters with a single photon of light. The laser occupies a table area of approximately 0.4 × 0.4 m 2 (0.4 X 0.8 m 2 including the vacuum pump), smaller than that occupied by many widely used ultraviolet gas lasers. The reduced size of this capillary discharge device is achieved making use of a very low inductance co-axial discharge configuration illustrated in Fig.1b that decreases the voltage necessary to generate the peak current required for laser excitation. This allows the excitation of the capillary discharge channel utilizing ceramic capacitors, which are charged at moderate voltages (< 90 kV). The reduced voltage eliminates the need of a Marx generator. As a result the volume of the pulsed power unit is ~ 9 times smaller than that of previous capillary discharge lasers [9] and can be accommodated in a small rack under a regular optical table, as shown in Fig. 2 .
As in the case of the larger size Ne-like Ar 46.9 nm capillary discharge lasers previously demonstrated [3, [8] [9] [10] [11] [12] , laser amplification is generated by fast discharge excitation of an Ar-filled capillary. The magnetic force of the current pulse and large thermal pressure gradients near the wall rapidly compress the plasma to form a dense and hot column with a large density of Ne-like ions, with a very high axial uniformity and a length to diameter ratio of the order of 
46.9 nm CAPILLARY DISCHARGE LASER
Laser amplification is obtained in a Ne-like Ar plasma column generated in an aluminum-oxide capillary 3.2 mm inside diameter and 21 cm in length filled with pre-ionized Ar gas at an optimized pressure of 700 mTorr. The plasma column is excited by current pulses of ≈22 kA peak amplitude that are monitored with a Rogowski coil. The excitation current pulse is produced by discharging a set of ceramic capacitors with a combined capacitance of 27 nF through a pressurized air high voltage spark-gap switch that is connected in series with the capillary load. The capacitors, which are placed in a ring configuration surrounding the spark-gap, are pulsecharged to 80-90 kV by a single-stage pulsed power unit that is enclosed in a separate box and is connected to the laser head with a coaxial cable. The main current pulse through the capillary is initiated by triggering the spark-gap with a ~ 50 kV pulse of opposite polarity to that used to charge the capacitors. This allows the synchronization of the laser output with external events with a jitter of several ns, as required in our TOFMS applications in linking the timing of a pulsed gas nozzle, a ND:YAG laser for ablation, and the output of the our soft x-ray laser. Sub-nanosecond jitter can also be obtained using laser triggering of the spark-gap [19] . A typical current pulse is shown in Fig. 3 . The pulse has 10% to 90% rise time of approximately 60 ns, and first half cycle duration of 165 ns. A pronounced kink in the current is observed to occur about 40 ns after the beginning of the current pulse. This local minima of the current occurs at the time a b the plasma column reaches its minimum diameter of 200-300 µm, and is caused by the significant increase in the plasma column inductance that accompanies the reduction of the plasma column diameter. The laser pulse of 1.5 ns FWHM duration occurs shortly before the time of maximum plasma compression, which takes place about 35 ns after the initiation of the current pulse. The capillary discharge tube, the ceramic capacitors, and spark-gap are all contained in an Al enclosure that helps to shield the electromagnetic noise produced by the fast discharge. Biodegradable transformer oil is circulated for electrical insulation and also for cooling using a commercially available chiller unit. The laser light exits the cathode electrode that has a hole on axis and that is maintained at ground potential. Argon is continuously flown at the cathode end of the discharge, and is differentially pumped using the combination of a scroll pump and a 360 l/s turbomolecular pump to avoid significant attenuation of the laser beam by photoionization of Ar atoms. Figure 2 . Photograph of the gas handling system (left rack) and the power supplies (right Rack) for the desktop size capillary discharge laser. The entire system consists of two small racks that fit under a standard optical table.
The laser output pulse energy was measured using a vacuum photodiode placed at 80 cm from the exit of the laser and the data were recorded and stored by a 5Gs/s digitizing oscilloscope. The quantum efficiency of the Al photocathode used was previously calibrated with respect to a silicon photodiode of known quantum yield [8] . The laser output was attenuated with several stainless steel meshes of measured transmissivity to avoid saturation of the photodiode. The laser was successfully operated at repetition rates up to 12 Hz. Figure 4a shows the shot to shot variation of the peak of the excitation current pulse for 1500 consecutive shots at 12 Hz repetition rate. Figure 4b and Fig 4c illustrate the corresponding shot to shot variation of the laser output pulse energy as a function of the shot number and its statistical distribution respectively. The average pulse energy is 13 uJ and the standard deviation is +-1.3 uJ, corresponding to an average power of about 0.15 mW. The use of external triggering of the spark-gap in Fig. 1b allowed to obtain relatively low jitter operation. Figure 4d illustrates the statistical distribution of the time delay between the TTL trigger signal into the high voltage trigger unit that fires the spark-gap and the laser output pulse for the 1500 laser shots of Fig 3a. The standard deviation of the jitter is + -5 ns.
Ablation of the capillary walls by the powerful discharge over a large number of shots increases their surface roughness, ultimately leading to the deterioration of the uniformity of the plasma column and to a consequent decrease of the laser output energy. Capillary lifetime tests were conducted at 12 Hz repetition rate recording the laser output energy for a large number of shots. The laser output energy was measured to decay by 2 times after about (2-3) x 10 4 shots (Fig. 5) . This is to our knowledge the longest series of soft x-ray laser shot achieved to date. The full output pulse energy can be recovered by replacing the used capillary discharge tube by a new one, an operation that demands 30-40 minutes including the pumping time required to evacuate the system to a pressure of ~1×10 -5 Torr. The far field laser output intensity distribution was measured using a microchannelplate/ phosphor screen read by a CCD array detector of 1024 X 1024 pixels placed at 157.5 cm from the exit of the laser. The microchannelplate was gated with a ~ 5 ns voltage pulse to be able to discriminate the laser light from the spontaneous light emitted by the plasma in hundreds of extreme ultraviolet transitions that while several orders of magnitude less intense than the laser line, produce a significant background when temporally integrated over the duration of the discharge. The beam profile was observed to have an annular shape that is the result of refraction of the amplified rays by radial electron density gradients in the plasma column [20, 21] . Figure 6 shows a cross section of an output intensity pattern acquired in a single shot. The peak-to-peak divergence is about 5.2 mrad. While we have not yet characterized the wavefront, previous measurements of similar annular capillary discharge laser beams have shown good focusing properties [22] .
What we have seen in this section is the laser operating conditions and parameters that are required for our study of nanoclusters and other small molecules using TOFMS. 
TIME OF FLIGHT MASS SPECTROSCOPY EXPERIMENT
Various spectroscopy studies have been conducted for nanoclusters of many different types and sizes [23] [24] [25] [26] [27] [28] [29] . These experiments are used to gain information about the reactivity and catalytic behavior of nanoclusters and how these properties change during the evolution of a nanocluster molecule into a solid. For the explanation of neutral cluster properties and distributions, one must first ionize the gas-phase clusters in order to use mass spectroscopy as a detection technique. Conventional nanocluster spectroscopy techniques have used 193 nm radiation from an ArF excimer laser corresponding to a photon energy of 6.4 eV in order to photoionize a sample [23, 25, 29] . Typical hydrogen bonded and metal oxide nanocluster ionization energies fall into the range of 7-12 eV while some have even higher energies. Therefore a single 6.4 eV photon can not ionize the cluster, making multiphoton processes the dominant ionization method. A major problem associated with mass spectroscopy can become evident during the multiphoton ionization of these clusters. Specifically, the clusters may fragment during the ionization process and the identification of the neutral parent cluster can become difficult. This problem can be reduced by using radiation with a higher energy per photon that can ionize these systems with a single photon. One wavelength that has been explored is 118 nm (10.5 eV/photon) from the ninth harmonic of Nd:YAG laser light that can ionize many clusters using a single photon and significantly reduce negative fragmentation effects [25, 29] . However, 118 nm can not access all cluster series with a single photon. We present the first desk-top size soft x-ray laser at 46.9 nm (26.5 eV/photon) to be used as a photoionization source in TOFMS experiments to study nanocluster systems that can ionize any small molecule with a single photon of light. The apparatus and procedures are very similar to experiments done previously [23, 25, 29] with the exception of the soft x-ray laser as the photoionization source. A schematic representation of the experiment can be seen in figure 7 . Neutral clusters are produced and then introduced into the system by a conventional laser vaporization/supersonic b a expansion cluster source in a helium carrier gas. The helium flow carries the clusters from a pulsed nozzle and expands into vacuum, and is forced through a 1.5 mm skimmer into the ion source of a time of flight mass spectrometer (TOFMS) where they are ionized by the 46.9 nm laser beam. Metal oxide clusters are carried in the same fashion but are produced by 532 nm laser ablation of a thin metal foil into the helium gas stream and into the ion source to be ionized. The laser pulse energy is ~10 µJ at the output of the laser, but is reduced to ~1 µJ at the output of a z-fold mirror system placed just before the ionization region with the purpose of providing alignment capability of the beam with respect to the nanocluster setup. The z-fold consists of two, 1 in. diameter Sc/Si multilayer mirrors with about 40% reflectivity each [30] ; a planar mirror placed 30.5 cm from a f = 50 cm concave mirror that focuses the incoming beam into the ionization region. The cluster ions produced are extracted perpendicularly to the molecular beam and enter 1.0-m-long flight tube in which they are separated in arrival time according to their mass. At the end of the flight tube, the ions are detected by a microchannel plate (MCP) detector operating with a pulsed bias voltage in order to gate large He signals and prevent saturation of the detector. Signals from the detector are fed to a digital oscilloscope through a 50 Ω MHV connector. Time delays between pulsed valve opening, firing the ablation laser, firing the ionization laser, and gating the MCP's are generated by three programmable digital delay generators. All timings can be adjusted in order to maximize the spectral signal strength.
Results
The following results are based on data taken in the study of hydrogen bonded cluster systems. The data was taken for three separate systems of ammonia (NH 3 ), methanol (CH 3 OH), and water (H 2 O). A soft x-ray laser has never before been used in photochemistry experiments so the first important observation to be made is that we can obtain useful, presentable data. Figure 8 presents the time of flight (TOF) mass spectrum of (NH 3 ) n clusters generated and detected employing 46.9 nm single photon ionization where n is the cluster number. Mass peaks containing one or two cluster molecules (~ 10 mV signals) that are separated by one mass unit with good spectral resolution are observed. The FWHM of the peaks is approximately 10 ns.
In addition to the recognition of resolved spectra with the soft x-ray source, the generation of new data is also observed and is given in Figure 9a observed by conventional TOFMS experiments done with 118 nm radiation. However, when spectra taken by the 46.9 nm and 118 nm radiations are compared, similar signal strength and spectral resolution is achieved with one significant difference. The soft x-ray laser illustrates a new cluster series that can not be observed using 118 nm radiation. The series in Figure 9a represented by B n shows methanol with one water molecule bound to it given by (CH 3 OH) n (H 2 O)H + . The soft x-ray laser can access this series that has an ionization energy > 10.5 eV with a single photon. Similarly, if we expand the mass scale and look at smaller mass molecules (Figure 9b ), the soft x-ray laser generates new fragments that can not be seen with either VUV radiation or electron impact ionization. The new fragments are the CH 3 and the OH molecules that are typically very difficult to generate but can be seen with single photon ionization from the soft x-ray source. Figure 9 . TOF mass spectrum of (CH 3 OH) n generated by single photon ionization of desk-top size 46.9 nm capillary discharge laser. a) Methanol water series, B, is observed with 26.5 eV radiation that is not seen with VUV radiation and b) fragments that are typically hard to generate or not seen are observed. In compliment to the new data seen in the methanol cluster series, the soft x-ray laser can show us another cluster series that can not be accessed by VUV light. Figure 10 presents the time of flight (TOF) mass spectrum of (H 2 O) n clusters generated by 46.9 nm single photon ionization. Furthermore, with an ionization energy of ~12.6 eV, the water cluster series is inaccessible to VUV radiation. The soft x-ray laser provides a nicely resolved spectrum up to ~ (H 2 O) 40 . 
CONCLUSIONS
In conclusion, we have demonstrated high repetition rate (12 Hz) operation of a desk-top size 46.9 nm lasers that is easily transportable and has been installed in a photochemistry lab where it is currently being used a photoionization source to acquire TOFMS data on a daily basis. This is to our knowledge the most compact soft x-ray laser demonstrated to date and the first to be used in photochemistry applications. The compact soft x-ray laser demonstrates several benefits when compared to conventional photoionization sources. The high photon energy allows the ionization of any sample with a single photon of light. This greatly reduces undesirable fragmentation effects. The soft x-ray source has acquired data with good spectral resolution and signal-to-noise ratio and has also generated new information not accessible to a conventional VUV or electron impact ionization source. These recently demonstrated benefits make the desk-top size 46.9 nm capillary discharge laser a desirable source for photochemistry applications.
